Micrometer-sized homojunction structures can be formed by applying strong electric pulses, at ambient temperatures, to Li-doped, floating zone n-Si. Two such junctions, arranged back to back, act as a transistor, as evidenced by electron-beam-induced current and current-voltage measurements. The structures are created during a time ranging from ϳ100 ms to a few seconds, depending on the size of the structure. The phenomenon is similar to what was observed earlier in CuInSe 2 and was explained there by thermally assisted electromigration of Cu. In the case of Si doped with Li we can use secondary-ion-mass spectrometry to detect the redistribution of Li after electric-field application. Such a redistribution is indeed found and corresponds to an n ϩ -p-n structure with the p region extending at least ϳ20 m into the bulk of Si. Structures created in Si doped with Li in this way are stable for at least 13 months after their creation. We ascribe this to the large difference between Li diffusivity at the local temperature that is reached during structure formation ͑ϳ400°C; 10 Ϫ8 cm 2 /s͒ and at room temperature ͑ϳ10 Ϫ15 cm 2 /s͒.
I. INTRODUCTION
Li is known to be a fast-diffusing impurity in Si at temperatures of 400°C and above.
1 It is electrically active as donor and is mainly located in the interstitial lattice sites of the diamond cubic lattice of this semiconductor. Extensive investigations on Li doping of Si and Ge were performed about 30-40 years ago. [1] [2] [3] [4] The p-n junction technique was used in Ref. 1 to investigate the dependence of Li ion mobility on temperature. The possibility of using Li donors to create a compensated ͑i-intrinsic͒ region in Si was demonstrated and explained in Ref. 2. There it was shown that a p-i-n structure with an extended i region could be created when a p-n junction, formed in p-Si by Li in-diffusion, was reverse biased for several hours, at 50-125°C. This property of Li ions is used to fabricate p-i-n Si detectors. 4 On the basis of these properties of Li in Si and of our earlier findings that stable, nonequilibrium doping profiles form in chalcogenide semiconductors after applying an electric (E) field to them, we searched for similar phenomena in Li-doped Si ͑Si:Li͒. In the case of originally electrically homogeneous CuInSe 2 , ͑Cu,Ag͒InSe 2 , or ͑Hg,Cd͒Te crystals, local application of external E fields of up to 1 MV/cm resulted in the creation of ϳ100-m-sized diode-and transistorlike structures in the bulk of these semiconductors. [5] [6] [7] We explained this behavior in terms of temperature-assisted electromigration of mobile native Cu, Ag, or Hg ions. [5] [6] [7] [8] Even though the evidence for thermally assisted electromigration in these chalcogenides is strong, in all cases it is indirect, pending the outcome of ongoing radioactive tracer experiments. One of the attractive features of working with foreign, rather than native, dopants is that direct evidence can be obtained from secondary-ion-mass spectrometry ͑SIMS͒.
Here we show that results similar to the ones obtained for chalcogenide semiconductor ͑Cu,Ag͒InSe 2 can be obtained for Si which was originally homogeneously doped with Li. Transistorlike structures were created in ͑Cu,Ag͒InSe 2 by E-field application and results of capacitance-voltage (C -V), current-voltage (I -V), and electroluminescence ͑EL͒ measurements on these structures were reported. 5, 7 Early results for Si:Li appeared in a preliminary communication.
vestigation of the kinetics of structure creation, of the temperature during this process, and of investigations of Si:Li near equilibrium follow. Experimental results that shed light on structure stability and device action and results of numerical simulations of electromigration of Li in Si are given at the end of this section. All these results are discussed in Sec. IV, which starts with estimating the electric field, something that is needed to understand the initiation of the process. Li-B pairing is then considered to allow a discussion of the evolution and of the limitations of the process of fast structure creation. Based on these discussions we present a coherent, qualitative model for the phenomenon of E-fieldinduced structure creation and compare the Si:Li and CuInSe 2 systems. Conclusions are summarized in Sec. V.
II. EXPERIMENT
Samples ͑0.75 mm thick͒ were taken from ͑111͒-oriented, floating zone p-Si wafers ͑ϭ10 or 0.25 ⍀ cm͒. Such wafers have significantly higher Li ion mobility than Czochralski-grown ones because of the higher oxygen content of the latter leading to formation of Li-O complexes. 10 We doped the wafers homogeneously with Li, using a 30% Li dispersion in mineral oil. Both sides of the samples were covered, in Ar atmosphere, by the Li dispersion. The samples were then placed in a ceramic container and dried at 300-400°C for 15 min in an Ar or N 2 atmosphere. They were then sealed in a quartz ampoule, evacuated under a pressure of 10 Ϫ4 Torr, and annealed at temperatures ranging from 300 to 600°C. This leads to type conversion of the samples from p to n. The electrical properties of the samples after doping were checked by four-probe resistivity and Hall measurements. These results, as well as the regimes of doping, are presented in Table I .
Most experiments on structure creation in Si:Li were performed in situ in a Philips 515 scanning electron microscope ͑SEM͒. A tungsten needle with an average tip diameter of 10 m was adjusted in the vacuum chamber of this microscope to be used as an electrode for voltage application to the samples. The X-Y -Z manipulator of the SEM sample holder was used to adjust the sample to the needle and to make contact to a predetermined spot on the top surface of Si. Such a contact was found to be rectifying ͑Schottky barrier͒. Ohmic back contact was made to the bottom surface of the sample by connecting it to the sample stage using Ag paint. This configuration is shown in Fig. 1͑a͒ .
External voltage was applied to the samples using a custom-made power supply which generates a trapezoidal or triangular voltage ͓Fig. 1͑b͔͒. The trapezoidal high voltage, ranging from 0 to 500 V, is used to modify the local properties of the samples. The sawtoothlike low voltage ͑from Ϫ5 to 5 V͒ follows the high voltage and serves for the lowvoltage I -V measurements. In-house software allowed recording of low-and high-voltage I -V curves. A microheater, adjusted inside the vacuum chamber of the SEM, allows heating of the samples up to 350°C during voltage application.
The time course of structure creation could be followed by incorporating a digital, memory oscilloscope ͑Le Croy 9310M͒ into the circuit used for measuring the high-voltage I -V characteristics. In this way the current-time characteristics were recorded when the current exceeded a certain preset value. Preliminary measurements served to determine the steady-state current value, and a slightly higher current value was used as the preset value. Changes in the local electrical properties of samples as a result of E-field application were detected using electronbeam-induced current ͑EBIC͒ in the SEM. Details of this technique can be found elsewhere. 11 By connecting the current amplifier and the control output of the SEM scanning coil to a computer, single EBIC line scans were recorded digitally.
Transistor action of the device structures that were created was demonstrated in the two-terminal ''phototransistor'' mode. I -V measurements were performed in situ in the SEM. The top and bottom contacts which served for structure creation were used as emitter and collector. Mostly the electron beam of the SEM was used instead of a photon beam. The electron-beam current, induced in the semiconductor, was measured using a digital nanoammeter. Current through the structure was recorded as a function of the voltage applied between emitter and collector for different values of the electron-beam current. A Tektronix curve tracer served to record transistor I -V curves.
Some I -V measurements were performed inside a controlled atmosphere multiple micromanipulator ͑MMR Industries͒, evacuated to a pressure of 20 mTorr, using a He-Ne laser ͑ϭ632.8 nm͒ as a photon beam. The laser beam was focused by a collection lens down to ϳ5 m. This beam entered the micromanipulator through a sapphire window. By displacing the focusing lens in the plane perpendicular to the incident laser beam it was possible to scan the surface of the sample. The intensity of the radiation was changed by neutral density filters and was measured using a radiant power meter.
Ambient STM was used to distinguish between n-and p-type Si as described, for example, in Ref. 12 . We used a Topometrix TMX2010 Discoverer STM to perform I tunnel -V spectroscopy with a 90%/10% Pt/Ir tip at different points above the sample surface. By varying the position of the tip over an area under which a device structure had been created, the local electrical properties were tested. The current/ voltage setpoint ͑1 nA at Ϫ2 V tip bias͒ was used to fix the tip-surface distance at each measurement point.
Secondary ion mass spectrometry ͑SIMS͒ measurements were performed, before and after E-field application. A CAMECA spectrometer ͑at the Solid State Institute of the Technion, Haifa͒, using a 12 keV O 2 ϩ beam, was used. An 8ϫ8 m 2 square area was analyzed during the measurements. Additional details about SIMS can be found, for example, in Ref. 13 .
III. RESULTS
The basic experimental observation is that transistorlike structures form when a Ϫ100 to Ϫ200 V ͑periodic or dc͒ reverse bias is applied to a needle-n-Si:Li semiconductor contact ͓Fig. 1͑a͔͒. The structure forms around this contact. Structure creation takes place when a certain minimal voltage is exceeded and is detected by an abrupt increase of current. The current increases from a steady-state value of ϳ3-7 to ϳ15 mA ͑without any change in applied periodic voltage͒ over a time period varying from 100 ms to 1-2 min ͑see discussion below͒.
In this way a transistorlike structure was created in sample B by applying a reverse bias in situ in the SEM. Figure 2͑a͒ shows an EBIC contrast picture and line scan from this structure. Figure 2͑b͒ shows schematically how redistribution of Li in Si can lead to such structure creation. Li ϩ ions are collected under the negatively charged W needle, due to Coulombic electromigration. Such migration can occur in the high electric field ͑up to 10 6 V/cm͒ that exists in the space-charge region of the reverse-biased Schottky barrier created between the W needle and the top surface of the semiconductor. The region where the Li ions are collected becomes n ϩ , while the region that is depleted of Li ions can type convert to p type ͑see discussion below͒. The bulk of the material, which is unaffected by the E field, remains n type ͑Table I͒.
Based on, and in analogy to, previous results on CuInSe 2 we ascribe this phenomenon to thermally assisted electromigration of mobile Li ions in the E field. In this case, however, we are able to present direct evidence for Li redistribution in Si:Li, something that was not possible for Cu in CuInSe 2 .
A. SIMS investigation of Li electromigration
SIMS measurements were performed through a structure of the type shown in Fig. 2͑b͒ , as shown by profile 2 in Fig.  3͑a͒ . In that profile the abrupt decrease of Li concentration close to the surface is very likely explained by the high etching rate of ϳ0.5 m/min, used during the measurements. Profile 1 of Fig. 3͑a͒ was obtained by measuring through the center of a transistor structure ͓Fig. 8͑b͔͒. The level of boron acceptors is shown in this figure as a straight line.
Results similar to those presented in Fig. 3͑a͒ were obtained for sample D treated in a manner similar to that described for sample B. Profile 1 of Fig. 3͑b͒ shows the redistribution of Li under the point of voltage application. Profile 2 of Fig. 3͑b͒ presents the concentration of boron in the sample ͑it was originally p type; Sec. II͒. The concentration and distribution of Li before voltage application is shown as a straight line in Fig. 3͑b͒ .
SIMS thus provides direct evidence for Coulombic electromigration of Li ions under the influence of an E field. This can be understood from results for CuInSe 2 , shown in Fig. 3 of Ref. 5 . Those show that the planar EBIC profile reflects the cross-sectional one ͑i.e., a hemispherical region, centered around the contact, is affected by the E field͒. Therefore, the SIMS depth profile can be correlated with the planar EBIC profile ͓Fig. 2͑a͔͒. Using this correlation we conclude that the E-field-induced changes of conductivity type in originally electrically homogeneous n-type Si:Li are due to Li electromigration. The SIMS profiles further suggest that actual conductivity-type conversion from n to p takes place, as suggested in Fig. 2͑b͒ .
B. Conductivity type conversion
The Li concentration profile 1 of Fig. 3͑a͒ , and profile 1 of Fig. 3͑b͒ fall below the equilibrium concentration of Li ͓see profile 2 of Fig. 3͑a͒ and level of equilibrium Li concentration indicated in Fig. 3͑b͔͒ and slightly below the boron level for samples B and D. This suffices for type conversion from n to p. SIMS shows for both samples that an extended region ͑ϳ20 m͒ over which the material may be type converted, has been created. Assuming 100% ionization, we estimate the average majority carrier concentration in the p region that has been created to be ϳ1ϫ10 15 and ϳ2ϫ10 16 cm Ϫ3 for samples B and D, respectively. The accuracy of these SIMS measurements is ϳ30%. Therefore, the concentration of Li in the Li-deficient region may, in fact, be higher than that of boron, in which case there will be no conversion from n to p type; however, STM spectroscopy and I -V measurements support the conclusion that type conversion occurs.
STM spectroscopy
Type conversion from n to p and then back to n was observed when a STM tip was scanned across the structures created in samples B and D. Typical I tunnel -V curves are presented in Figs. 4͑a͒-4͑c͒ ͑sample B͒. Figure 4͑a͒ is obtained when the bulk, n-type region outside the transistor structure is probed. The bulk material is known to show n-type behavior from Hall and EBIC measurements. An additional indication for this is found in the slight asymmetry of the I tunnel -V curve presented in Fig. 4͑a͒ : for an n-type sample a higher positive than negative tip voltage has to be applied to get a tunneling current. Figure 4͑b͒ presents the p-type region of the n ϩ -p-n structure ͓Fig. 2͑b͔͒. The asymmetry of the I -V curve is here much clearer, and inverted with respect to that of Fig. 4͑a͒ . Figure 4͑c͒ shows that the conductivity type changes back to n when the spectroscopy is measured in the center of the transistor structure. This I tunnel -V curve is extremely asymmetrical, as compared to micromanipulator ͑Fig. 5͒. The measurements were started in the center of the structure ͑n ϩ region͒ and were directed toward the n region ͓Fig. 5͑f͔͒. The I -V curves corresponding to these measurements are presented in Figs. 5͑a͒-5͑f͒. We see a clear transition from the I -V curve corresponding to a Schottky barrier on n-type Si ͓Fig. 5͑a͔͒ to that of a Schottky barrier on p-type Si ͓Fig. 5͑d͔͒, and then back to n-type Si ͓Fig. 5͑f͔͒. Therefore, an n ϩ -p-n transistor structure is created during external voltage ͑electric field͒ application. Results on contacting I -V curve measurements across a transistor structure created in ͑Cu,Ag͒InSe 2 are reported in Ref. 16 . Insight into the process of structure creation can be obtained from studies of the kinetics of the process.
C. Kinetics of structure creation
Structure creation can be separated into two stages:
͑1͒ fast Li electromigration, lasting ϳ100 ms, and ͑2͒ slower Li electromigration, lasting dozens of seconds. This latter stage is, probably, similar to normal Li electromigration in Si. 4 Figures 6͑a͒ and 6͑b͒ present the low-and high-voltage I -V curves, respectively, from the W-needle-semiconductor Schottky barrier on sample A just before the process of transistor structure creation starts. When the applied high voltage is slightly increased above the maximum value seen in Fig.  6͑b͒ , an abrupt increase of current through the semiconductor is observed ͓Fig. 6͑d͔͒. The hysteresis in the high-voltage I -V curve ͓Fig. 6͑d͔͒ is attributed to the displacement of Li ions ͑see also Ref. 7͒. The low-voltage I -V curve ͓Fig. 6͑c͔͒, recorded immediately afterwards ͓see the voltage-time dependence presented in Fig. 1͑b͔͒ was also changed. After ϳ100 ms the high-voltage I -V curve reverts to the initial situation seen in Fig. 6͑f͒ . The subsequent low-voltage I -V curve ͓Fig. 6͑e͔͒ shows a further change and corresponds to that of the transistor structure that has been formed. EBIC confirmed that such a structure was created immediately after the current increase occurred. The time difference between the I -V curves seen in Figs. 6͑a͒ and 6͑e͒ is ϳ100 ms. This is the structure creation time. The EBIC contrast picture of the transistor structure created ͑in sample B͒ during the current increase is presented in Fig. 8͑a͒ .
To follow the time dependence of this fast current increase, we inserted an oscilloscope and a triggering circuit in the setup, as described in Sec. II. We performed experiments using a dc voltage ͑sample D; Table I͒ . When the continuously applied voltage reached a certain critical value, a current spike occurred which lasted ϳ100 ms. One such spike is shown in Fig. 7 . The oscillations observed on the level of 12 mA represent while noise, as is evident from the FFT analysis. The shape of this current-time plot can be explained, assuming that the system shows self-limitation, 7 i.e., as a result of the current increase the cause for its original occurrence is affected and eventually eliminated. This means that significant changes occur in the local electrical properties of the semiconductor during these 100 ms. Indeed, we detected by EBIC the creation of a transistor structure, immediately after the spike, also in this experiment. If after the transistor structure is created ͓Fig. 8͑a͔͒, we continue to apply the high voltage, then this structure increases significantly in size ͓Fig. 8͑b͔͒ during a period of ϳ1-2 min. This is also evident from the SIMS measurements ͓see profile 1 in Fig. 3͑a͔͒ . The mechanisms of this increase and the self-limitation are considered in Sec. IV.
The high currents that flow during structure creation ͑Figs. 6 and 7͒ will lead to large current densities because of the small area of the point contact; therefore, the temperature in the semiconductor can increase locally around this contact. Estimation of this temperature helps explain the time FIG. 4 . STM I -V spectroscopy on various parts of a transistor structure created in sample B: ͑a͒ I -V curve taken with the tip above n region ͓Fig. 2͑b͔͒; ͑b͒ I -V curve taken with the tip above p region ͓Fig. 2͑b͔͒; ͑c͒ I -V curve taken with the tip above n ϩ region ͓Fig. 2͑b͔͒.
scale of the process and the stability of structures at room temperature after their creation.
D. Temperature estimate during the process of structure formation
The peak power that is dissipated during structure creation, when using periodic voltage application ͓Fig. 1͑b͔͒, varies from ϳ1.5 to ϳ3 W. This is ϳ2-5 times more than the power dissipated during steady state, before and after the current surge. To estimate the temperatures corresponding to this range of dissipated power, we used a method described earlier for CuInSe 2 , 8 i.e., we measured the power needed to melt contacts of metals with different melting points. Contacts of Zn, Pb, Sn, and In, 50 m diameter and 20-30 nm thick, were evaporated on the top surface of sample A. A periodic external voltage was applied to these contacts in the reverse direction for a few minutes. Then voltage application was stopped and the contacts were investigated in the SEM at high magnification. In this way the total power, dissipated around the contacts and required for the beginning of their melting, was determined. Figure 9 presents the empirical dependence of the contact temperature on the total power dissipated around the contacts. Because of the large thermal diffusion length in Si ͑ϳ800 m at 45 Hz͒ there is no significant difference in terms of temperature increase between the 10-m-diam spherical point contact and a 50-m-diam FIG. 5. Contact I -V measurements taken across the transistor structure for which data are shown in Figs. 3͑a͒ and 4 ͑sample B͒: ͑a͒ Contact on the center of the structure ͓Fig. 2͑b͔͒; ͑b͒-͑c͒ contacts between center and p region; ͑d͒ contact on the p region of the structure; ͑e͒ contact between p region and periphery ͑bulk͒ of the structure ͓Fig. 2͑b͔͒; ͑f͒ contact on bulk of the sample ͑n region͒. metal contact, evaporated on the surface of Si. From the empirical curve presented in Fig. 9 we estimate that the temperature can reach ϳ370-450°C, around a contact, during structure formation.
The above-mentioned temperature estimation can be checked by calculating the temperature increase due to Joule heating in the case of current passing through a spherical point contact. When a voltage is applied periodically to such a contact, the increase in temperature ⌬T is given by
where P is the average power dissipated around the contact, R 0 is the spherical contact radius, and K th the thermal conductivity of the material. The average dissipated power is (IV)/3, where I is the amplitude of current through the con- tact and V is the amplitude of voltage applied to this contact. The factor of 1/3 represents the duty cycle of the highvoltage application ͓Fig. 1͑b͔͒. The semiconductor is assumed to act as an active load. If this is not so, the average dissipated power will be smaller than (IV)/3. The average tip radius of a tungsten needle used for voltage application is R 0 ϭ5 m. Using K th ϭ1.31 W/cm°C, Vϭ200 V and Iϭ15 mA ͑current and voltage during structure creation in sample B͒, we obtain ⌬Tϳ250°C ͑Tϭ270°C͒. This value depends strongly on R 0 . If, for instance, R 0 ϭ3 m then ⌬Tϳ405°C ͑Tϭ425°C͒.
E. System near equilibrium
We have seen that initial structure creation takes place in ϳ100 ms and that it is accompanied by a steep increase of current. This increase occurs when the applied voltage exceeds a certain threshold value. We relate this threshold voltage to the minimum voltage that is needed to reach avalanche conditions ͑see discussion below͒. If this is so then this threshold voltage should depend on the global temperature of the sample before external voltage application.
14 To investigate this, sample D was heated in situ in the SEM and device structures were created at different temperatures. The dependence of the minimum ͑periodic͒ voltage that is required for structure creation on the sample's initial global temperature ͑before voltage application͒ is presented in Fig.  10 . This shows that the higher this initial global temperature is, the lower the voltage needed for structure creation. The sudden current increase also decreases from values as high as 15 mA, when the bulk of the sample is at ambient temperature ͑before an external voltage is applied͒, to ϳ2 mA, when the bulk of the sample is initially at 80°C. The time needed for fast structure creation ͑time of spike, Fig. 7͒ is longer the higher the initial global temperature of the sample. When the initial global temperature is sufficiently high ͑Ͼ100°C͒, fast structure creation, during the spike of current, is not observed. The dependence of the time of fast structure creation on the initial global temperature of the sample is presented in Fig. 11 .
All factors mentioned above indicate that when the sample's initial global temperature increases, the system approaches equilibrium and starts to behave as in classical ion migration.
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F. Structure stability
The structures that result after voltage application to Si:Li are found to be stable for at least 13 months after their creation, when kept at room temperature. This was reliably checked on a scale of better than 5 m by EBIC measurements at high magnification. However, annealing the structure at 270°C for ϳ20 min leads to a significant decrease in its size, as detected by EBIC. This agrees well with the diffusion coefficient of Li ͑ϳ10 Ϫ9 cm 2 /s͒ at this temperature. 1
G. Device action
As for CuInSe 2 , we find that the transistor structures that are created electroluminesce, emitting near-infrared radiation. 18 Electroluminescence was observed from the n ϩ -p junction when it was biased in forward direction. 9 Phototransistor action was observed as well.
9 Figure 12 presents transistor action from the structure obtained in sample A. The I -V characteristics were taken in situ in the SEM as described in Sec. II. When the electron beam ͓used to excite the base region; Fig. 2͑b͔͒ hits closer to the n ϩ -p junction, amplification behavior is observed in the first quadrant ͑Fig. 12͒. When a region, closer to the ͑outer͒ p-n junction is excited, amplification is observed in the third quadrant. The amplification coefficient ␤ can be calculated according to the following formula:
where ⌬I CE is the change of the current I CE , between top and back contacts ͑collector and emitter͒ caused by a change ⌬I B in absorbed beam current I B ͑the number of electrons per second deposited in the sample by the electron beam͒. V CE is the voltage applied between the top and bottom contacts. Positive V CE corresponds to negative top contact and positive bottom contact. Negative V CE corresponds to the opposite situation. G is a generation factor defined as I EBIC /I B . I EBIC is the current generated in a semiconductor by the electron beam ͑of the order of A͒, and I B ͑of the order of nA͒ is as defined above. The theoretical maximum of G for 30 keV electrons is 3ϫ10 4 /͑E G ϫ3.3͒Ϸ8000, 11 where E G is the width of the forbidden gap for Si ͓ϳ1.12 eV ͑Ref. 20͔͒. From ⌬I CE at V CE ϭϩ4 V we find ␤ϭ4 for the case presented in Fig. 12 ͑first quadrant͒.
True phototransistor action can be observed as well. The base of an n ϩ -p-n structure, created in sample B, was illuminated by a He-Ne laser ͑632.8 nm͒ whose 10 mW ͑nomi-nally͒ beam was focused to a spot of ϳ5 m diameter. I -V curves were measured between the top and back contacts ͓Fig. 2͑b͔͒ as a function of illumination intensity. The intensity of the laser beam was controlled by neutral density filters and measured by a laser power meter. I -V measurements showed the structure to function as a transistor. This became especially clear from the observation that the quadrant in which the phototransistor action is observed changed with the locus of excitation, similarly to what is shown in Fig. 12 for electron-beam excitation. Actual amplification was estimated as explained in Ref. 5 . An increase in laserbeam intensity by 3% increased the device current by 30%.
The fact that actual device action with transistor amplification is seen in the transistor structures suggests that rather abrupt doping profiles are created. Direct evidence for the creation of these profiles was obtained from the SIMS measurements. To obtain further insight we performed numerical simulations of Li profiles that are obtained after drift in Si under the experimental conditions that prevail during the process.
H. Simulations of electromigration of Li in Si
In performing such numerical simulations we made the following assumptions.
͑1͒ A spherical, 10-m-diam, rectifying metalsemiconductor contact, corresponding to the experimental case of direct contact of the W needle on the semiconductor, is used.
͑2͒ The temperature in the material near the point contact ͑initial situation͒ or, during electromigration, around the reverse-biased n-p junction that results ͓Fig. 2͑b͔͒, is ϳ400°C. At this temperature the Li ion diffusion coefficient D will be ϳ2.5ϫ10
Ϫ8 cm 2 /s. 2 Quite a large region ͑hemi-sphere with ϳ50 m radius͒ can be heated relatively homogeneously in Si because of its large thermal diffusion length at the frequencies that are used. 14 ͑3͒ All majority-type impurities are ionized at 400°C. Therefore, the majority-carrier concentration is equal to (N D -N A ) , where N D and N A are the concentrations of donors and acceptors, respectively. Before E-field application and, in the bulk, after E-field application, the semiconductor is assumed to be electrically homogeneous n type, with nϭ1ϫ10 16 cm Ϫ3 and ϭ150 cm 2 /V s, i.e., with a bulk electronic conductivity ϭ0.3 ⍀ Ϫ1 cm Ϫ1 ͑sample B, Table I͒ . ͑4͒ Two p-n junctions are created during the electromigration of ions/dopants ͓Fig. 2͑b͔͒. One of these junctions ͑an n ϩ -p one͒ is compensated because the applied voltage across it is in the forward direction. The second ( p-n) junction is biased in the reverse direction. The mobility of electrons in the n ϩ region, that is created, is assumed to be ϳ150 cm also Table I͒ . The hole mobility in the p region, that is created, is assumed to be ϳ150 cm 2 /V s ͑again Li doping is assumed to decrease mobility from its ϳ500 cm 2 /V s value in our starting material, floating zone p-Si͒. Even if mobilities of the electrons and holes, used in the calculations, are equal to their values in pure ͑undoped͒ Si, Li redistribution will not differ from the one presented in Fig. 13 . This is because virtually all of the voltage drop is across the reversebiased p-n junction, while the mobilities enter only for the calculations in the regions outside that junction. However, in those regions we do need to take into account ion drift, because, as shown in Ref. 7 , some 5% of the voltage that is applied across the sample drops there.
͑5͒ For simplicity we assume that the p-n junctions created as a result of ion electromigration, as well as the metalsemiconductor barrier, are abrupt ͓n ϩ -p junction is Ͻ1 m thick; p-n junction is ϳ3-4 m thick; see Figs. 2͑b͒ and 3͔. This thickness should be compared to the one of graded-type junctions that can be created in classical ionic conductors. 21 Therefore, the E field in these junctions/barrier was obtained from the Poisson equation for an abrupt profile, solved on the assumption of 100% depleted space-charge region 14 ͑the validity of this approximation is discussed in Ref. 7͒ . It is assumed that the current through the semiconductor during transistor structure creation ͑Figs. 6 and 7͒ does not significantly affect the space charge.
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The level of inversion of conductivity type from n to p ͑concentration of acceptors͒ is assumed to be 4ϫ10 15 where N is the concentration of mobile ions ͑cm Ϫ3 ͒, t the time ͑s͒, e the charge of electron (C), and j the vector density of the ionic current ͑A/cm 2 ͒. Rewriting Eq. ͑3͒ in spherical coordinates for the case of drift and diffusion, the following second-order partial differential equation for ion electromigration is obtained:
where D is the diffusivity of mobile Li ions in Si, E the strength of electric field, and R the spherical coordinate, which varies from R 0 ϭ5 m ͑radius of the spherical point contact͒ to R FINAL , the final point of the calculation, where an external electric field does not affect the initial concentration of mobile ions anymore. The distribution of an electric field in the material outside the space-charge region was obtained from Ohm's law. As was already mentioned, the electric field in the spacecharge region of a spherical metal-semiconductor barrier ͑Schottky barrier͒ or p-n junction, created by Li electromigration, was obtained from the Poisson equation as is described in Ref. 7 ͓see also Eq. ͑8͒ given below͔.
We start the calculations considering the situation that results after 4 ms reverse biasing a Schottky contact to a homogeneous n-type semiconductor. The distribution of ions was calculated using Eq. ͑4͒. The resulting redistribution of dopants shows the location of the reverse-biased p-n junction that is formed ͓see Fig. 2͑b͒ , junction between bulk n and p region͔. We then calculate the effect of the E field on this junction by recalculating the distribution of dopants after another 4 ms. The strength of the electric field in the reversebiased junction was obtained again from the Poisson equation, solved in the abrupt junction approximation and using the profile of ion distribution obtained after the first 4 ms of voltage application.
Equation ͑4͒ was solved by the sweeping technique using the following initial and boundary conditions:
where N 0 ͑ϳ10 16 cm
Ϫ3
͒ is the concentration of mobile ions in the initially homogeneous semiconductor. Boundary condition ͑7͒ takes into account that at RϭR 0 the ionic current is zero, due to the ionic blocking behavior of the point contact. The results of the calculations for two different durations of external voltage application are given in Fig. 13 . In the simulations of Li electromigration the occurrence of Li-B pairing is not taken into account ͑see Sec. IV below͒. All Li is assumed to be mobile. The results of the simulations resemble the experimental SIMS profiles in terms of the shape of profiles and the magnitude of Li redistribution. The large concentration gradient of Li on the border between Li-rich and -poor regions determines the diffusion flux of Li in the direction opposite to that of the Li drift. This explains a decrease of Li concentration in the Li-rich ͑n ϩ ͒ region near the surface and its increase in the Li-poor ( p) region in profile 2 with respect to profile 1 ͑Fig. 13͒.
IV. DISCUSSION
Based on our earlier work with CuInSe 2 we argue that the results presented here can be understood in terms of thermally assisted Coulombic electromigration of Li in Si. A schematic explanation of the present understanding of the process of E-field-induced device structure creation is shown in Fig. 14 . We now show how such a scheme fits our observations for the Si:Li system.
As a first step we need to understand the kinetics of structure creation and the mechanism of type conversion. The kinetics of the process are determined by the velocity of Li ions in Si. To calculate this velocity, the strength of the electric field achieved during external voltage application must be estimated. This helps to described the initial steps of the process. Evolution of the structure then leads to type conversion. In Si:Li this is related to the interaction between acceptors ͑boron͒ and donors ͑lithium͒ which are simultaneously present in our samples. We discuss each of these issues in turn.
A. Estimation of the electric field
The electric field, achieved during the initial stages of structure creation, can be estimated from the Poisson equation written for the space-charge region of a spherical point contact ͑Schottky barrier͒,
where R S is the calculated width of this barrier, ⑀ the dielectric constant of the semiconductor, ⑀ 0 the permittivity in vacuum, and R varies from R 0 to R S . The external voltage applied to the point contact between a needle and the top surface of sample B is, on the average, 150 V. With such a voltage the width of the spacecharge region of the metal-semiconductor Schottky barrier is ϳ3.8 m, for a semiconductor with a doping level of ϳ1ϫ10 16 cm
Ϫ3
. This yields R S ϭ8.8 m, because R 0 ϭ5 m. Using these numbers, a value of ϳ10 6 V/cm is obtained from Eq. ͑8͒ for the strength E of the electric field. This value fits that of the electric field in an amorphous Si p-i-n diode, as reported in Ref. 22 . Comparable electric field magnitudes were calculated and estimated by us for CuInSe 2 .
7 These values can be compared to a value of ϳ5ϫ10 5 V/cm that was reported for a device structure created in ZnSe. 23 In this estimate of the electric field, as well as in the simulations ͑Fig. 13͒, the depletion approximation was used, i.e., all impurities in the space-charge region are ionized.
Carrier
B. Process initiation
Because of the high electric field created during external voltage application, avalanche conditions are achieved. Electric-field strengths needed to reach the threshold voltage for avalanche ionization can be calculated to be in the range from 5ϫ10 5 to 10 6 V/cm. 20 We ascribe the abrupt increase of current that is observed ͑Fig. 7͒ to this ionization. The series of white oscillations seen during the current transient ͑Fig. 7͒ may well be related to the system switching in and out of avalanche conditions. This can occur because of negative feedback, one of the causes for which will be considered now. Further work is needed to clarify the nature of these high-frequency oscillations and to determine their relation to the negative feedback.
In the initial stage of the process most of the applied voltage drops across the space-charge region of the reversebiased metal-semiconductor Schottky barrier ͓Fig. 2͑b͔͒. The high current ͓Fig. 6͑d͔͒, which passes through this reverse-biased barrier, leads to Joule (IV) heating in the space-charge region of the barrier and around it. Because of this local increase in temperature, Li ion mobility increases in the heated region and the ions, located in this space-charge region, can now move toward the negative W needle under the influence of the E-field ͓Fig. 2͑b͔͒. The maximum velocity of Li ions can be estimated as v Li ϭEϭ4.1ϫ10 Ϫ7 ϫ10 6 ϭ0.41 cm/s.
Here is calculated from the Nernst-Einstein relation, using a diffusivity of 2.5ϫ10 Ϫ8 cm 2 /s. This velocity, taken together with the dimensions of the structure, fits the experimentally observed order of magnitude of the time for initial structure creation, ϳ100 ms ͑Figs. 6 and 7͒. When the current reaches its maximum ͑Fig. 7͒, the local temperature increase limits further avalanche ionization by negative feedback ͑Fig. 14͒. This is one of the reasons for the self-limiting character of the process. The physical cause for such a negative feedback is a decrease in the mean free path of the electronic carriers. The negative feedback leads to a decrease of current seen in Fig. 7 . When the current decreases, the system cools and conditions for the occurrence of avalanche are met again. This explains the second increase of the current. The same negative feedback then leads to a further decrease in current ͑we explain below the cause for the ultimate decrease of the current to its stationary value͒.
The negative feedback also explains the decrease of the amplitude of the current spikes and the increase of their duration, i.e., the time for fast structure creation, with the increase of the sample's initial global temperature ͑Figs. 10 and 11͒. When, for instance, the initial global temperature of sample Q is ϳ80°C, the voltage, required for fast structure creation, is ϳ110 V ͑Fig. 10͒ and the amplitude of the current spike is ϳ2 mA. The local temperature increase created under a W needle, due to dissipation of ϳ220 mW ͑110 Vϫ2 mA͒, is ϳ130°C ͑Fig. 9͒, so that the local temperature will be ϳ210°C. The mobility of Li ions corresponding to this temperature is ϳ10 Ϫ9 cm 2 /V s and their maximum velocity is ϳ10 Ϫ3 cm/s ͑compared to 0.4 cm/s velocity when the sample is not heated globally͒. This difference of more than two orders of magnitude for the velocities of Li ions at the above-mentioned temperatures explains the increase of the time of structure creation, found experimentally ͑Fig.
11͒.
As is evident from the simulations of Li electromigration, the concentration of holes in the p region decreases slightly during the evolution of the process ͑Fig. 13, curve 2 vs 1͒. Also the part of curve 2 that corresponds to the p region is narrower than that in curve 1. This is in contrast to the simulations of Cu electromigration in originally electrically homogeneous p-CuInSe 2 . 7 There the opposite tendency dominates: Cu donor concentration ͑electron concentration͒ in the region with converted conductivity type ͑n-type͒ increases during the evolution of the process and that region widens. Such an enhancement of the created nonequilibrium profile during the evolution of the process is explained by positive feedback. 7 Apparently in Si:Li, the fluxes determined by Li concentration gradients on the borders between n ϩ -and p-region and between the p and n ͑bulk͒ region ͑Fig. 13͒ are comparable with Li ion drift and, therefore, the positive feedback cannot occur.
In Si:Li the changes in carrier concentration p ͑or N A -N D ͒, and the narrowing of the p-region, during the evolution of the process ͑Fig. 13, curves 1 and 2͒, lead to a decrease of ⌬V avalanche , the threshold voltage for avalanche multiplication, and of ⌬V p-n , the voltage drop across the reverse-biased p-n ͑bulk semiconductor͒ junction ͓Fig. 2͑b͔͒. Estimations show that ⌬V p-n decreases ϳ2 times during the evolution of profile 1 into profile 2 ͑Fig. 13͒. 24 At the same time, ⌬V avalanche decreases 1.75 times. 24 Because initially ⌬V p-n was very close to ⌬V avalanche , such a decrease leads to ⌬V p-n Ͻ⌬V avalanche . Therefore, the time course of the process is determined also by the voltage redistribution between the reverse-biased p-n junction and the bulk of the semiconductor. This is the other reason for self-limitation.
For CuInSe 2 , during the evolution of the process, the electric field needed for avalanche ionization E avalanche increases ϳ10 times. The real E field in the junction region decreases by a factor of 2.3 ͑due to the broadening of the region with the inverted conductivity type͒. Therefore, in the end the E field is more than one order of magnitude smaller than E avalanche in CuInSe 2 . 24 This leads to a suppression of avalanche ionization.
C. Li-B pairing
Before considering further the evolution of the process, the occurrence and consequences of pairing between Li ͑do-nor͒ and B ͑acceptor͒ have to be considered. The nature ͑Coulombic interaction͒ and the mechanism of this pairing at different temperatures has been treated in detail. ͒ for profiles 1 of Figs. 3͑a͒ and 3͑b͒, respectively. In our case all the investigated samples are n type ͑Table I͒, therefore, ͓Li͔Ͼ͓B͔. If all B is bound with Li, and the electric field is able to make a Lideficient region from which all mobile Li ions are removed, then, ideally, a region of intrinsic conductivity is created. However, due to the dissociation of the complexes, ͓Li͔ decreases below the concentration of acceptors ͑B͒ in the Lideficient region. This leads to the creation of an n ϩ -p-n rather than an n ϩ -i-n structure. The hole concentration in the Li-deficient region is ͓B͔-͓Li͔. The specific resistance of the p region is relatively high because of the small difference between ͓B͔ and ͓Li͔ in this region. ͓Li͔ in the Li-deficient region is slightly lower than ͓B͔ in the sample.
To check whether Li-B pairing is relevant in our case, a sample of p-Si with ͓B͔ϭ6.5ϫ10
16 cm Ϫ3 was doped with Li at 200°C for ϳ21 h. Type conversion from p to n did not take place under these conditions. ͓Li͔ detected in this sample by SIMS is at the level of ϳ4.5ϫ10 16 cm
Ϫ3
. Reverse bias application up to 200 V to the rectifying metalsemiconductor point contact does not lead to transistor structure creation. This experimental observation proves that under the experimental conditions ͑applied voltage and current͒ that are used for structure creation ͑Table I͒, Li ions are bound to B ions and, therefore, the excess Li with respect to B ͓͑Li͔-͓B͔͒ determines the concentration of mobile Li ions.
D. Evolution of the process
The homogeneity of Li distribution is disturbed under the needle during the initiation of the process, as shown in Fig. 2͑b͒ . Collection of Li donors under the needle makes this region n ϩ . Therefore, the rectifying contact between the W needle and the top surface of Si becomes ohmic rather than remaining rectifying ͑metal contact to n ϩ region; see Ref. 7͒ . Then most of the voltage drop will take place around the reverse biased p-n junction ͓Fig. 2͑b͔͒ and this will be the region in which Joule heating is concentrated. The Li ions will thus be pushed out of the reverse-biased p-n junction ͑due to thermally assisted Coulombic electromigration͒ creating a p-region deeper in the bulk. In this way, the shallow n ϩ -p-n structure that is created will propagate into the bulk of the Si and the structure shown in Fig. 8͑a͒ will be created during the following ϳ100 ms.
In the initial stage of the process, 90%-95% of the applied voltage drops across the space-charge region of the reverse-biased metal-semiconductor Schottky barrier ͑Ref. 7͒. The p-region in the n ϩ -p-n structure that forms is highly resistive, due to the small difference between Li and B con-centrations in this region. Therefore, the percentage of voltage which drops inside the reverse-biased p-n junction will decrease due to voltage redistribution between the reversebiased junction and this high-resistivity p-region.
During propagation of the structure into the bulk of the semiconductor, its volume increases by more than one order of magnitude from the initial value ͑ϳ10 Ϫ9 cm
Ϫ3
͒. Therefore, at constant total dissipated power, the temperature will decrease and with it the mobility of ions ͑Fig. 14͒. As is mentioned above, the voltage applied to the reverse-biased p-n ͑bulk of semiconductor͒ junction during its propagation in the bulk is not able to create avalanche conditions any more. Thus, the increase in affected volume, due to structure formation and the decrease of avalanche multiplication will stop the electromigration of ions. The current that passes through the structure is limited by a reverse-biased p-n junction. This reduces the current to its steady-state value of ϳ7 mA, as is seen in Fig. 7 . Further work is needed to prove this mechanism. If confirmed then it should be possible, by way of numerical simulations and time-resolved experiments, to arrive at a quantitative explanation of the current transient.
E. Stability of the structure
The stability of the structures that are created can be understood kinetically. When the external voltage is switched off, the temperature of the semiconductor returns to ambient. The diffusion coefficient of Li ions at room temperature is ϳ10 Ϫ15 cm 2 /s. 26 Therefore, 8 years would be required to observe a displacement of Li ions over 5 m.
F. Comparison of Si:Li and CuInSe 2
The main feature which is relevant for both systems is the presence of electrically active species able to migrate at moderate ͑230-400°C͒ temperatures under the influence of a strong electric field. Estimates of this field give in both cases values of 10 5 -10 6 V/cm ͑see present work and Ref. 7͒. Such a strong electric field creates a regime of avalanche multiplication of electronic carriers and determines the abrupt initiation of the process for both systems.
Mobilities of Li and Cu ions increase by five orders of magnitude relative to room-temperature values, due to the local temperature increase ͑Refs. 1 and 7͒. This leads to fast electromigration of ions in the bulk semiconductor. The subsequent temperature decrease that results from the volume increase of the structures leads to the decrease of ion mobility for both systems.
One of the factors which determines the suppression of avalanche multiplication by negative feedback in both systems is the local temperature increase. Other factors are the change of the majority-carrier concentration in the reversebiased n-p (pϪn) junctions and the change in the shape of the nonequilibrium ion profiles during their evolution. Both those changes lead to changes of ⌬V avalanche and of ⌬V p-n(n-p) . In the case of Si:Li, ⌬V p-n decreases together with ⌬V avalanche . In the case of CuInSe 2 , ⌬V n-p increases together with ⌬V avalanche ͑E avalanche ͒; 24 but, in both cases the end result is that ⌬V n-p(p-n) Ͻ⌬V avalanche .
Creation of an extended ͑ϳ100-m-diam͒ transistor structure in CuInSe 2 requires 20-100 ms. In Si:Li the process of structure creation is divided into ''fast'' ͑ms scale͒ and ''slow'' ͑up to a few min͒ stages. This is explained by Li-B pairing in Si:Li and by the redistribution of the applied voltage between the bulk semiconductor and the reversebiased p-n junction. Contrary to the case of Si:Li, there is no evidence for pairing between mobile donors and immobile acceptors in CuInSe 2 . This is in agreement with the ease by which the electrical conductivity type can be converted in CuInSe 2 ͑Ref. 7͒. In Si:Li, type conversion is limited because of Li-acceptor ͑B͒ pairing. 25 The E-field-induced structures are stable at room temperature for at least 1 year for both systems. For Si:Li, published values of diffusivities at 20°C fit kinetic stabilization of the structures. 26 In the case of CuInSe 2 , the temperature dependence of Cu diffusion coefficients 27 indicates that its dependence on local composition should be considered, because of suspected E-field-induced changes in defect concentrations.
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V. CONCLUSIONS
High-voltage application to n-Si, prepared by homogeneous doping of floating zone p-Si with Li, leads to creation of n ϩ -p-n structures as shown by SIMS, EBIC, I -V, and STM measurements. Actual type conversion is proven by STM I tunnel -V characteristics. The mechanism that leads to such structure creation is that of thermally assisted Coulombic electromigration of Li ions. SIMS data show that the magnitude of mobile Li redistribution is determined by Li-B pairing in Si. The results obtained extend earlier work of ours on CuInSe 2 , [5] [6] [7] [8] and of, among others, Pell on Si:Li, 2 in which a p-i-n structure was created as the result of reverse biasing a p-n junction created in p-Si by Li in-diffusion.
Further work might well lead to sufficient control over the process, to make in situ structure creation in the SEM into a new way for the fabrication of Li-drifted Si detectors. Many m-sized transistors-detectors could then be created on one Si wafer. This may be of interest for the construction of two-dimensional x-ray detectors. Electric-field-induced device creation at room temperature can thus contribute to technology for microstructure fabrication.
